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Morpholinoenes are essential for the organogenesis of the vertebrate eye. These genes are
dynamically expressed in a tissue-speciﬁc manner during eye development, suggesting pleiotropic roles. We
use a temporally-selective gene knockdown approach to identify endogenous functions for the zebraﬁsh rx
genes, rx1 and rx2. Depletion of rx1 over the period of eye organogenesis resulted in severely reduced
proliferation of retinal progenitors, the loss of expression of the transcription factor pax6, delayed retinal
neurogenesis, and extensive retinal cell death. In contrast, depletion of rx2 over the same developmental
time resulted in reduced expression of pax6 in the eye anlage, but only modest effects on retinal cell survival.
Knockdown of rx1 speciﬁcally during photoreceptor development inhibited the expression of multiple
photoreceptor-speciﬁc genes, while knockdown of rx2 over this time selectively inhibited the expression of a
subset of these genes. Our ﬁndings support a function for rx2 in regulating pax6 within the optic primordia, a
function for rx1 in maintaining the pluripotent, retinal progenitor cell state during retinal development, as
well as selective functions for rx1 and rx2 in regulating photoreceptor differentiation.
© 2009 Elsevier Inc. All rights reserved.IntroductionOrganogenesis of the vertebrate eye begins shortly after neurula-
tion, as bilateral evaginations of the neural tube form the optic
primordia (Hilfer, 1983; Schmitt and Dowling, 1994). These structures
interact with overlying ectoderm and surrounding perioptic mesench-
yme to form the structures of the mature eye, including the neural
retina. Retinal progenitors are initially distributed within the neural
retina as a pseudostratiﬁed neuroepithelium as they proliferate.
Progenitor cells then generate the diverse cell classes of the mature
retina in a stereotyped sequence of cell-speciﬁc terminal mitoses
(Altshuler et al., 1991; Hu and Easter, 1999). The mature retina has a
laminar arrangement, with light-sensitive photoreceptors in an outer
nuclear layer (onl), processing neurons such as bipolar cells and
amacrine cells in an inner nuclear layer (inl), and the retinal ganglion
cells in a third layer (gcl); these cellular layers are separated by
synaptic, or plexiform layers (opl and ipl).
The mechanisms through which the vertebrate eye and retina
develop are not entirely understood. However, several homeodomain-
containing transcription factors are known to play critical roles in the
establishment of the optic primordia, the proliferation of retinalSciences, University of Idaho,
p).
l rights reserved.progenitors, the regulation of retinal neurogenesis, and the differ-
entiation of postmitotic retinal cells. For example, pax6 expression is
essential for the formation of the optic primordia (Walther and Gruss,
1991) and gain-of-function studies suggest that pax6 also promotes
progenitor cell proliferation (Zaghloul and Moody, 2007). Pax6 is
expressed in postmitotic retinal ganglion cells and amacrine cells
(Hitchcock et al., 1996; Ochocinska and Hitchcock, 2007), where it
participates as a member of a network of transcription factors that
establish and maintain the differentiated ganglion cell state (Mu and
Klein, 2004). Six3, Crx, and Chx10/vsx2, are other examples of genes
encoding homeodomain-containing transcription factors that play
numerous and pleiotropic roles in these processes (Chow and Lang,
2001; Dyer, 2003; Levine and Green, 2004; Passini et al., 1997; Shen
and Raymond, 2004; Wargelius et al., 2003).
The retinal homeobox genes (Rx/Rax) also have important functions
related to eye development. The Rx gene product contains conserved
domains including an N-terminal octapeptide domain, a home-
odomain, an Rx domain, and a C-terminal orthopedia-aristaless-rx
domain (Mathers et al., 1997; Pan et al., 2006). In humans, mutations
in RX result in anophthalmia or microphthalmia (Voronina et al.,
2004), a phenotype predicted by the mouse knockout of Rx (Mathers
et al., 1997). Loss of rx3 expression in zebraﬁsh and medaka also
results in an eyeless phenotype (Loosli et al., 2003; Rojas-Munoz et al.,
2005). Gain-of-function studies have shown that overexpression, or
ectopic expression of Rx genes can lead to the expansion of the eye
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models (Andreazzoli et al., 2003; Chuang and Raymond, 2001;
Mathers et al., 1997). During eye organogenesis, Rx appears to
function as part of a highly conserved network of factors collectively
referred to as the eye ﬁeld transcription factors; this network also
includes Pax6, Six3, Optx2, Tlx, Lhx2, and ET (Zuber et al., 2003).
The expression patterns of Rx genes are dynamic and persist
beyond the optic primordia stage. For example, mouse and human Rx
are each expressed in retinal progenitors and later in speciﬁc cell
populations of the inl (Voronina et al., 2004; Mathers et al., 1997).
Chicken Rax is similarly expressed in retinal progenitors (Chen and
Cepko, 2002), and Xrx1 (Xenopus) is expressed in retinal progenitors
and later in photoreceptors (Mathers et al., 1997). In the zebraﬁsh, rx3
becomes restricted to the hypothalamus, retinal pigmented epithe-
lium, and cells of the inl, while rx1 and rx2 persist in retinal
progenitors and are then expressed in cone and rod photoreceptors
(Rojas-Munoz et al., 2005; Chuang et al., 1999; Nelson et al., 2008).
Functions for Rx genes during retinal neurogenesis and retinal cell
differentiation are therefore likely, but have been difﬁcult to
demonstrate due to the confounding effects of the important early
role of Rx genes for eye organogenesis. Functions for Xenopus rx1
(Xrx1) in maintaining retinal stem cell identity were suggested
through the use of gain-of-function approaches and a dominant-
negative form of rx1 (Zaghloul and Moody, 2007), providing the ﬁrst
indication that predicted, later roles may exist.
A function for Rx genes in regulating photoreceptor differentiation
is also predicted, as the Rx protein binds to PCE-1 (photoreceptor
conserved element-1) elements found in regulatory regions of
photoreceptor-speciﬁc genes (Kimura et al., 2000). However, a role
for Rx in promoting photoreceptor differentiation in vivo has not been
shown. Investigators have instead focused on a group of genes
phylogenetically related to Rx, the Rx-like genes that are expressed in
photoreceptors and regulate their differentiation. The Rx-like genes
are distinct from the Rx genes in that they lack the octapeptide
domain (Pan et al., 2006). Rx-like genes are present in human and rat
(QRX; Wang et al., 2004), chicken (RaxL; Chen and Cepko, 2002), and
Xenopus (Rx-l; Pan et al., 2006), and their gene products have been
demonstrated to be stronger than Rx at transcriptional activation of
photoreceptor genes (Chen and Cepko, 2002;Wang et al., 2004; Pan et
al., 2006). Interestingly, the genomes of two major animal models,
zebraﬁsh and mouse, do not contain Rx-like genes, raising questions
regarding the regulation of photoreceptor differentiation in these
models, as well as regarding the roles of the zebraﬁsh and mouse Rx
genes.
The zebraﬁsh genome contains three rx genes, rx1, rx2, and rx3
(Mathers et al., 1997). Of these three, rx1 and rx2 are expressed in the
optic primordia, retinal progenitors, and in rod and cone photo-
receptors (Chuang et al., 1999; Nelson et al., 2008). In addition, rx1 is
expressed sporadically within cells of the rod photoreceptor lineage
(Nelson et al., 2008). Rod photoreceptors in teleost ﬁsh are generated
late in embryonic retinal development, and arise from clusters of
proliferating cells dispersed throughout the inl; these progenitors are
seeded into the onl where they undergo terminal mitotic divisions and
differentiate into rods (Johns, 1982; Otteson et al., 2001; Otteson and
Hitchcock, 2003; Raymond, 1985; Raymond and Rivlin, 1987).
Functions for zebraﬁsh rx1 and rx2 in retinal progenitors, rod and
cone photoreceptors, and within the rod lineage, have not been
demonstrated. The PCE-1 element has been identiﬁed in the promoter
regions of the zebraﬁsh genes encoding rod opsin (Kennedy et al.,
2001), UV opsin (Luo et al., 2004), and cone transducin (Kennedy et al.,
2007), suggesting that rx activity may be involved in the regulation of
these photoreceptor-speciﬁc genes.
In the present study we use a temporally-selective loss-of-function
approach to identify endogenous functions for the retinal homeobox
genes, rx1 and rx2, during retinal neurogenesis in the zebraﬁsh. We
show that rx2, but not rx1, regulates pax6 expression in the opticprimordia; however, rx1 becomes more important for the mainte-
nance of pax6 expression in retinal progenitors during early retinal
neurogenesis. Expression of rx1 is also required for the proliferation
and survival of retinal progenitor cells. Finally, we demonstrate




All experiments involving animals conformed to the principles
adopted by the Society for Neuroscience, and were approved by the
University of Idaho Animal Care and Use Committee. Zebraﬁsh
embryos were maintained at 28.5 °C as described in Westerﬁeld
(2000) on a 14:10 hour light/dark cycle. All embryos used in the
following studies were derived from a stock originally purchased from
Scientiﬁc Hatcheries (now Aquatica Habitats). Unless otherwise
indicated, embryos were treated with 0.003% phenylthiourea (PTU)
at 12 h post-fertilization (hpf) to prevent melanin synthesis (Wester-
ﬁeld, 2000).
Morpholino, capped mRNA, and BrdU injections
25-mer morpholinos (MOs; Gene Tools, LLC Philomath, Oregon)
were designed to target either the ATG translation start site or the ﬁrst
GT splice donor binding site for both the rx1 and rx2mRNA transcripts
(Rojas-Munoz et al., 2005). A 5-mispair MO derived from the rx1 ATG
targeted MO was used as a control. Each MO sequence was BLAST
searched on the NCBI database against the zebraﬁsh genome to ensure
that there would not be any non-speciﬁc mRNA/morpholino hybridi-
zation. The MOs were injected into the yolk of 1–2 cell stage zebraﬁsh
embryos or at 44.5 hpf (as indicated in Results) as described
previously (Nasevicius and Ekker, 2000; Stenkamp and Frey, 2003;
Summerton, 1999). In some cases we injected MOs in a suspension of
0.1% lipofectamine (Gibco BRL, Gaithersburg, MD) into the head,
immediately behind the developing eye (as in Stenkamp et al., 2000).
Sequences and concentrations of MOs used to target rx1 and rx2 are
shown in Supplemental Table 1 (and see Rojas-Munoz et al., 2005).
Capped rx1 mRNAs were generated using the mMESSAGE
mMACHINE kit (Ambion, Austin, TX), according to the manufacturer's
instructions. Full-length rx1 cDNA (the gift of Peter Mathers) was used
as a template for mRNA synthesis. The capped mRNA was quantiﬁed
using spectrophotometry, and size was veriﬁed by agarose gel
electrophoresis. In order to verify the speciﬁcity of rx1 MOs,
approximately 1 ng of capped rx1 mRNA was coinjected with rx1
splice site-directed MOs at a ﬁnal concentration of 75 μM, into 1–2
cell-stage embryos. As the splice site-directed MO has a target site on
unprocessed RNA, this strategy for rescue carried no risk for direct
MO-mRNA interactions that would confound interpretation of the
experiment. Phenotypes were assessed at 53 hpf in sectioned
embryos.
BrdU incorporation studies were performed as previously
described (Hu and Easter, 1999; Nelson et al., 2008). Brieﬂy, 60 hpf
zebraﬁsh embryos were immobilized against the inner edge of a Petri
dish and injected, into the yolk, with approximately 1.5 nl of 10 mM
BrdU solution suspended in sterile saline. Injection volumes were
calculated using spherical geometry, and injections were performed
using a pressurized microinjection apparatus and pulled glass
capillary tubes. Embryos were returned to systemwater until ﬁxation
at 72 hpf.
Tissue preparation
Dechorionated zebraﬁsh embryos were ﬁxed in phosphate-
buffered, 4% paraformaldehyde/5% sucrose for 1 h and either stored
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increasing concentrations of phosphate-buffered sucrose and cryo-
protected overnight in 20% sucrose. Embryos to be used for sectioning
were then embedded and frozen in 1:2 OCT medium/phosphate-
buffered 20% sucrose (Sakura Finetek, Torrance CA) (Barthel and
Raymond, 1990). Transverse sections of the embedded embryos were
collected on Fisher SuperFrost slides at 5 μm using a cryostat.
Immunocytochemistry
Immunocytochemistry was performed as described previously
(Stenkamp et al., 2000). Brieﬂy, slides were incubated for 30 min in
a blocking solution containing 10% goat serum, followed by an
overnight incubation in primary antibody. This was followed by a
30 minute wash in phosphate-buffered saline plus 0.5% Triton X-
100 (Sigma; St. Louis, MO) (PBST) and incubation for 1–2 h in
secondary antibody (goat-anti-rabbit or donkey-anti-mouse Cy3
conjugated, 1:200; Jackson ImmunoResearch Laboratories, INC,
West Grove, PA).
The slides were then washed for 30 min in PBST and mounted in
Vectashield (Vector Laboratories, Burlingame, CA) for visualization
using Nomarski and epiﬂuorescence optics on a Leica DMR compound
microscope. The following primary antibodies and concentrations
were used; mouse monoclonal anti-HuC/D (1:200; Invitrogen Mole-
cular probes, Eugene OR) for labeling amacrine and ganglion cells;
rabbit polyclonal anti-PKC (1:2000; Santa Cruz Biotechnologies, INC,
Santa Cruz, CA) for labeling bipolar cells; mouse monoclonal anti-
glutamine synthetase (1:1000; BD Biosciences Pharmingen, San
Diego, CA) for labeling Müller glial cells; rabbit polyclonal anti-
phospho-histone H3 (1:1000; Upstate Cell Signaling Solutions, Lake
Placid, NY) for labeling cells undergoing mitosis; mouse monoclonals
zpr1 (1:200), zpr3 (1:200), and zn8 (1:25; all from the Zebraﬁsh
International Resource Center, University of Oregon, Eugene, OR) for
labeling cones, rods, and ganglion cells, respectively, and rat anti-BrdU
(1:100; Accurate Chemicals, Westbury, NY).
For BrdU immunocytochemistry we acid-treated sectioned mate-
rial in a 1:1 solution of 4N HCl:PBST for 30 min followed by washes in
PBST and PBS (Stenkamp et al., 1997). The sections were then blocked
with 20% goat serum for 30 min followed by an overnight incubation
with the primary anti-BrdU antibody. These preparations were then
washed in PBST and incubated with a secondary donkey anti-rat FITC
(1:200, Jackson ImmunoResearch Laboratories, INC, West Grove, PA),
washed in PBST and mounted for microscopy to visualize BrdU-
positive cells.
Histology and cell death assays
Retinal histology was assessed on ﬁxed and sectioned material
using the nuclear stain 0.01% 4′-6-diamidino-2-phenylindole (DAPI;
Sigma Aldrich, St. Louis, MO) and epiﬂuorescence microscopy. Cell
death was assessed on ﬁxed and sectioned tissue using Terminal
dUTP Nick-End Labeling (TUNEL) and detected using an in situ
detection kit with a peroxidase ampliﬁcation step (Roche; Indiana-
polis, IN). In living embryos, cell death was assessed at 25 and 34 hpf
using acridine orange (Sigma). Brieﬂy, dechorionated embryos were
immersed in 5 μg/ml acridine orange for 10 min, and then rinsed 5
times in phosphate buffered saline (PBS). The embryos were then
transferred to a slide and cell death was visualized using an FITC
epiﬂuorescence ﬁlter on a Leica DMR microscope (Shen and
Raymond, 2004).
In situ hybridization and scoring of expression domains
Digoxigenin-labeled (DIG) cRNA probes were prepared from the
following full-length cDNAs using components of the Genius Kit
(Roche): zebraﬁsh rod opsin, red cone opsin, blue cone opsin, and UVcone opsin (gifts of T. Vihtelic), gnat1 and gnat2 (rod and cone
transducin, respectively; gifts of Q. Liu), pax6, (gift of S. Wilson), rx1
and rx2, (gifts of P. Mathers), crx (gift of P. Raymond), and NeuroD (gift
of V. Korzh). In situ hybridization methods for cryosections and whole
mounts have been described previously (Barthel and Raymond, 1993;
Stenkamp and Frey, 2003).
Heads of whole mounted embryos hybridized with pax6 were
scored for the absence of labeling, vs. weak or strong labeling, in
identiﬁed regions of the pax6 expression domain. The eyes of whole
mounted embryos hybridized with an opsin or transducin cRNA were
scored for the extent of the expression domain as described previously
(Raymond et al., 1995; Stenkamp et al., 2000). In brief, the absence of
labeled photoreceptors was scored as stage 0, the presence of a few
labeled photoreceptors in ventronasal retina was scored as stage 1,
with higher stages indicated a larger labeling domain. Stage 6
represents eyes having widespread labeling of photoreceptors.
Sections labeled using immunocytochemical markers for photorecep-
tors were scored as in Stenkamp et al. (2002). Brieﬂy, sections
bisecting the lens were scored for the absence of labeling (= ‘none’),
the presence of fewer than ten labeled photoreceptors (= ‘few’) or the
presence of more than ten labeled photoreceptors (= ‘many’).
Microscopy, photography, statistics
Sections were viewed on a Leica DMR microscope under
epiﬂuorescence and/or Nomarski optics and were imaged using a
Spot camera and associated software. In some cases, images collected
using Nomarski optics were combined with epiﬂuorescence images
using the Apply Image function in Adobe Photoshop CS (Mountain
View, CA). Whole mounts were viewed and photographed using
brightﬁeld optics. Statistics were performed in the R statistical
environment (R Core Development Team, 2008).
Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA from 30, 53, 60, and 72 hpf embryos was extracted using
the RNeasy kit (Qiagen, Valencia, CA) following the manufacturer's
recommended protocol for animal cells. The total RNA was then
treated with RNase-free DNase I (Invitrogen, Carlsbad, CA) for 30 min
at 37 °C. The DNase I enzyme was killed using 25 mM EDTA incubated
for 10 min at 65 °C. 50 ng of total RNA was reverse transcribed using
the LongRange 2Step RT-PCR kit (Qiagen) and poly (dT) primers, and
150 ng of the resulting cDNAwas ampliﬁed using Qiagen's LongRange
PCR protocol following the manufacturer's recommendations. The
primer sequences used in the PCR ampliﬁcation step were as
described in Rojas-Muñoz et al. (2005). For rx1 the sequences were,
5′-ACAAGGACCAGGATTCGTTG-3′ and 5′-CATGGAGCTGGTATGTGGTG-
3′ and for rx2 the sequences were, 5′-CAGAACCACCTTCACCACCT-3′
and 5′-GCTCTGTCCAGGACCCATAA-3′. The presence of splice variants
as a result of themorpholino treatment was visualized on a 1% agarose
gel with GelDoc system software.
Results
Rx1 depletion results in lamination defects and reduced retinal cell
differentiation
Retinal lamination in the developing zebraﬁsh occurs between 40
and 72 hpf, at the completion of which there are three distinctive
cellular layers (gcl, inl, and onl) and two plexiform layers (ipl and opl)
(Schmitt and Dowling, 1999). By 53 hpf, retinal lamination is evident in
untreated embryos and in those injected with a 5-mispair control MO
(Fig. 1A; n=12). By 72 hpf lamination is essentially complete (except at
the circumferential germinal zone, cgz; Fig. 1C; n=11). The retinal
phenotypes of rx1- and rx-2-depleted embryos have been reported
(Rojas-Munoz et al., 2005) but not fully characterized. In agreement
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tion at 53 hpf (Fig. 1B; n=16). At 72 hpf, rx1 morphant retinas had
developed plexiform layers, but thesewere highly reduced compared to
the controls, and the onl was thin and irregular (Fig. 1D; n=7). In
addition, the retinas of rx1-depleted embryos appeared smaller than
those of controls (Figs. 1A–D). In contrast, rx2-depleted embryos had an
unremarkable retinal phenotype when evaluated at 48 and 72 hpf,
showing only a slight reduction in eye size (Rojas-Munoz et al., 2005).
To determine whether retinal cell differentiation takes place
following rx1 depletion, we probed sectioned morphant retinas withseveral retinal cell markers. Retinal ganglion cells are the ﬁrst retinal
cell type to differentiate, between 32 and 40 hpf in the zebraﬁsh
(Schmitt and Dowling, 1999). We tested a cell surface marker for
ganglion cells and their axons, zn-8 (Hu and Easter, 1999) on control
and morphant retinas at 53 hpf (control n=8; treated n=5) and 72 hpf
(control n=11; treated n=14) (Figs. 1E–H). At both times, expression
of zn-8 was patchy as compared to the extensive and continuous
expression of this surface antigen in control retinas.
The HuC/D antigen is expressed in retinal ganglion cells and in
amacrine cells of the inl (Henion et al., 1996). Rx1-depleted embryos
showed a reduction in the expression of this antigen, such that it was
restricted to central location in the retinal gcl (Figs. 1J, L). In control
embryos, HuC/D was expressed throughout the gcl and the proximal
portion of the inl at 53 (control n=10; treated n=14) and 72 hpf
(control n=10; treated n=17) (Figs. 1I, K).
The zpr1 antibody labels a cell surface epitope on red/green-
sensitive double cone photoreceptors in the zebraﬁsh (Larison and
Bremiller, 1990). At 53 hpf, control retinas were heavily stained with
zpr1 in the onl (Fig. 1M, n=11) and by 72 hpf this staining was
conﬂuent (Fig. 1O, n=7). In rx1-depleted embryos, zpr1 expression
was either eliminated, or localized to a small ventral patch in the
developing retina of 53 hpf embryos (Fig. 1N, n=14). This limited
domain of expression persisted up through 72 hpf (Fig. 1P, n=25).
Nearly 85% of morphants exhibited a reduction in zpr1 staining and in
approximately 80% of this population there was no detectable zpr1
staining.
The zpr3 antibody labels an antigenic region on the rod opsin
protein (Schmitt and Dowling, 1996; Shkumatava et al., 2004). In
53 hpf control retinas (Fig. 1Q, n=11), zpr3 staining was evident
throughoutmost of the onl, and by 72 hpf zpr3 staining was extensive,
labeling predominantly the apical regions of developing rods (Fig. 1S,
n=13). In rx1-depleted embryos, zpr3 expression was either elimi-
nated, or limited to a small ventral patch, at both 53 hpf (Fig. 1R, n=17)
and 72 hpf (Fig. 1T, n=19). At 72 hpf, approximately 90% of rx1
morphants exhibited a reduction in zpr3 staining and in ∼80% of this
population zpr3 staining was not detectable in sectioned material.
Rod bipolar cells express the enzyme protein kinase C (PKC) and
are located in the inl (Koulen et al., 1997; Shkumatava et al., 2004;
Stenkamp et al., 2000). PKC was weakly expressed in 53 hpf control
retinas and was not detectable in rx1morphants (data not shown). By
72 hpf, PKC was strongly expressed in the inl of control retinas (n=6;
Fig. 1U) but was restricted to a central patch of expression in treated
retinas (n=7; Fig. 1V).
Glutamine synthetase (GS) is expressed in Müller glial cells, whose
cell bodies are located in the inl (Linser et al., 1985). GS was weaklyFig. 1.Morpholino-mediated depletion of rx1 results in lamination defects and reduced
retinal cell differentiation. Embryos were treated at the 1–2 cell stage with a
morpholino cocktail containing ATG (translational start site, 100 μM) and GT (splice
donor site, 50 μM) directed morpholinos. (A–D) 5 μm sections stained with DAPI
obtained at 53 hpf (A, B) and 72 hpf (C, D) from control (A, C) and rx-1-depleted (B, D)
embryos, showing inhibition/delay of lamination in treated retinas. (E–H) Sectioned
retinas stained for the ganglion cell surface marker, zn-8, evaluated at 53 hpf (E, F) and
72 hpf (G, H) from control (E, G) and rx1-depleted (F, H) retinas, showing patchy staining
of the gcl as a consequence of treatment. (I–L) Sections stained for the amacrine and
ganglion cell marker HuC/D, obtained at 53 hpf (I, J) and 72 hpf (K, L) from control (I, K)
and rx1-depleted (J, L) embryos, showing reduced staining as a consequence of
treatment. (M–P) Sections stained with the red/green double cone marker zpr1, from
embryos ﬁxed at 53 hpf (M, N) and 72 hpf (O, P) following treatment with control (M, O)
and rx1-depleting (N, P) morpholinos, showing reduced cone differentiation in the
treated retinas. (Q–T) Sections stained with the rod marker zpr3, from embryos ﬁxed at
53 hpf (Q, R) and 72 hpf (S, T) following treatment with control (Q, S) and rx1-depleting
(R, T) morpholinos, showing reduced rod differentiation in the treated retinas. (U–X)
Sections stained for the rod bipolar cell marker, PCK (U, V) and the Müller glia cell
marker GS (W, X) from control (U, W) and rx1-depleted (V, X) embryos ﬁxed at 72 hpf,
showing reduced differentiation of rod bipolar cells and the absence of Müller glia in
treated retinas. le = lens; gcl = ganglion cell layer; inl = inner nuclear layer; onl = outer
nuclear layer; V = ventral; D = dorsal; dotted lines indicate retinal boundary; white
circles depict the location of the lens; scale bar=50 μm.
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morphants at this developmental time (data not shown). GS was
expressed strongly in the retinas of 72 hpf control treated embryos
(Fig. 1W; n=5) but was not expressed in rx1morphants (Fig 1X; n=7).
In order to verify the speciﬁcity of the rx1 MOs, we performed
rescue experiments. 1–2 cell-stage embryos were injected with 5-
mispair control MOs, or with rx1 splice site-directed MOs, or with
the splice site-directed MOs together with capped, rx1 mRNA. The
control embryos displayed normal lamination, and extensive expres-
sion of the cone marker zpr1, as assessed in sectioned embryos at
53 hpf (Fig. 2A; n=7). In contrast, all rx1 MO-treated embryos lacked
retinal lamination, and almost all lacked zpr1-positive cells (Fig. 2B;
n=12). In the rescue experiments, 11 of 13 embryos receiving a
combination of rx1 MOs and capped, rx1 mRNA, exhibited well
deﬁned inner and outer plexiform layers as well as multiple zpr1-
positive cells (Fig. 2C). These ﬁndings conﬁrm that the MOs
speciﬁcally target the rx1 transcript, and that the eye phenotype in
MO-treated embryos is the selective result of rx1 depletion.
These results show that treating embryos with rx1 directed
morpholinos early in development results in an inhibition or delay
in the differentiation of multiple retinal cell types, and in lamination
failure or delay. Together with the greatly reduced size of morphant
eyes, these ﬁndings suggest that rx1 may have roles in the control of
eye morphogenesis and retinal neurogenesis that are distinct from
those of rx2. These potential roles were tested next.
Rx2 depletion selectively affects expressions of pax6 in optic primordia
To establish potential roles for rx1 and rx2 during eye morphogen-
esis, we analyzed the expression of pax6 mRNA in neural keel-stage
embryos following depletion of rx1 vs. rx2. The pax6 protein is a
member of the paired-class homeodomain transcription factors and is
essential for the development of the zebraﬁsh eye (Nornes et al.,1998),
and there is considerable evidence for cooperative regulation of eye
development with rx genes. For example, pax6 overexpression in Xe-
nopus results in ectopic retinal tissue in which rx gene expression is
upregulated (Chow et al., 1999; Mathers et al., 1997; Mathers and
Jamrich, 2000). A reciprocal interaction has also been demonstrated,
in that the overexpression of zebraﬁsh rx2, and to a lesser extent, rx1,
results in ectopic retinal tissue and increased expression of pax6
(Chuang and Raymond, 2001). The rx and pax6 transcription factors
therefore may regulate one another during eye development, and
their cooperative activity may be important for the maintenance of
retinal stem cells (Zaghloul and Moody, 2007).
Zebraﬁsh embryos depleted of rx1 displayed normal patterns of
expression of pax6 mRNA in the eye anlage, and within the midline
region of the pax6 expression domain, when assessed at 15 hpf
(Figs. 3A, B). However, embryos depleted of rx2 showed noticeably
reduced pax6 expression within the eye anlage, as well as in the
most anterior portion of the midline expression domain (Fig. 3C).
We quantiﬁed our results by scoring all embryos according to theFig. 2. Capped rx1 mRNAs rescue the rx1 depletion phenotype. (A–C) Sectioned embryos pr
with DAPI to reveal retinal lamination. Embryos were injected with 5-mispair control MOs (A
capped rx1mRNAs, arrow indicates zpr1+ photoreceptors in ventral retina (C). le = lens; gcl
dorsal; scale bar in A (applies to all)=50 μm.presence and/or apparent strength of expression in each of these
domains (Figs. 3D–F). The reduced expression within eye anlage and
the anterior midline region of rx2-depleted embryos as compared to
controls, was statistically signiﬁcant (Kruskal–Wallis 1-way ANOVA;
pb0.001), while a comparison between pax6 expression scores in
rx1-depleted embryos vs. controls showed no statistical signiﬁcance
(eye anlage p=0.9289, anterior region p=0.5146). These results
suggest that rx2, but not rx1, functions upstream of pax6 during eye
morphogenesis in the zebraﬁsh. This is surprising given the
apparently weak phenotype observed for rx2 morphants as
compared to rx1 morphants at 53 hpf (Rojas-Munoz et al., 2005).
Therefore we investigated potential roles for these two transcription
factors during retinal neurogenesis.Rx1 depletion selectively affects expression of speciﬁc transcription
factors associated with retinal neurogenesis
The expression of the basic helix loop helix transcription factor
atonal homologue 5 (ath5), marks the initial production of retinal
neurons (Masai et al., 2000), and is essential for the development of
retinal ganglion cells in the zebraﬁsh (Kay et al., 2001). In rx1
morphants, ath5 expression was not detected at 25 hpf, a time when
control retinas show an extensive expression domain (Figs. 4A, B;
control n=22; rx1 morphant n=26). In contrast, rx2 morphants
(n=13) showed little or no disruption of ath5 expression (Fig. 4C).
These results suggest an abnormal onset of neurogenesis in the case of
rx1 but not rx2 depletion. Rx1-depleted embryos assessed at 34 hpf,
however, showed a relatively normal pattern of ath5 expression (data
not shown), indicating that the onset of retinal neurogenesis was
delayed rather than prevented.
During retinal neurogenesis, rx1 morphants (n=35) showed a
considerable reduction in pax6 expression in the retina (Figs 4D, E)
when compared to control embryos (n=25). Expression of pax6 in the
lens appeared unaltered. The expression of pax6 in rx2 morphants
however, was identical to that of control embryos (Fig. 4F; n=14).
These results are consistent with a regulatory relationship for rx1 and
pax6 speciﬁcally in retinal progenitors, but not for rx2 and pax6.
Therefore, while rx2 functioned upstream of pax6 in the optic
primordia (Fig. 3), rx1 assumes this role during retinal neurogenesis.
To determine whether the effects on pax6 persisted, and may
therefore explain the later defects in neurogenesis, we performed in
situs for pax6 in retinal sections derived from older embryos. In
control retinas processed at 53 hpf, pax6 was expressed in newly-
generated cells of the gcl and inl, as well as in progenitor cells of the
peripheral retina (Fig. 4G; n=6). Retinas derived from rx1 morphants
contained pax6-expressing cells (Fig. 4H; n=5), indicating that any
regulatory effect of rx1 on retinal pax6 is transient, or that the rx1-
MOswere no longer effective at 53 hpf (see below). However, the pax6
expression domain of morphant retinas was broader (Fig. 4H); a
feature likely related to the inhibition or delay in retinal lamination.ocessed for indirect immunoﬂuorescence with zpr1 (cone marker), and counterstained
), splice site-directed rx1-MOs (B), or splice site-directed rx1-MOs in combination with
= ganglion cell layer; inl = inner nuclear layer; onl = outer nuclear layer; V = ventral; D =
Fig. 4. Expression of ath5 and pax6 but not rx2 is disrupted in rx1-depleted embryos. (A–C) Embryos ﬁxed at 25 hpf and processed for in situ hybridization with an ath5 probe show
strong retinal labeling in control embryos (A), no labeling in rx1-depleted embryos, and a normal ath5 expression pattern in rx2-depleted embryos. (D–F) Embryos ﬁxed at 34 hpf and
processed for in situ hybridization with a pax6 probe, showing labeling in the retina, lens and forebrain of control embryos (D), labeling in lens and forebrain only in rx1-depleted
embryos (E), and a normal pattern of expression of pax6 in rx2-depleted embryos (F). (G–H) Sections obtained from embryos ﬁxed at 53 hpf following injectionwith control-MOs (G)
or rx1-depleting MOs (H) and hybridized with a probe for pax6, showing pax6 expression in the retinas of the morphants, albeit in a pattern reﬂecting a delay in neurogenesis. (I–L)
Embryos processed at 34 hpf as whole mounts (I, J) or at 72 hpf as cryosections (K, L), for in situ hybridization with an rx2 probe, following injection with control-MOs (G) or
rx1-depleting MOs, showing that rx2 is not regulated by rx1. le = lens; gcl = ganglion cell layer; inl = inner nuclear layer; onl = outer nuclear layer; cm = ciliary margin; scale bar
in A and G=50 μm.
Fig. 3. Rx2 but not rx1 depletion causes a reduction in pax6 expression in optic primordia. (A–C) Embryos injected with MOs at the 1–2 cell stage and hybridized with a pax6 probe at
15 hpf. (A) 5-mispair control treated embryo (n=48) showing the three regions of pax6 expression (arrowhead indicates anterior midline, arrow indicates eye anlage, asterisk
indicates posterior midline). (B) rx1-depleted embryo showing similar pattern of expression of pax6 (n=33). (C) rx2-depleted embryo (n=24) showing a reduction in pax6 expression
in the eye anlage and anterior midline. (D–F) Histograms showing the relative expression levels of pax6 in the eye anlage, anterior midline, and posterior midline, respectively,
in 5-mispair control, rx1 and rx2 morphants. Scale bar in A (applies to all)=100 μm.
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30 S.M. Nelson et al. / Developmental Biology 328 (2009) 24–39Zebraﬁsh rx2, like rx1, is expressed in retinal progenitors and in cone
photoreceptors (Chuang et al., 1999), and throughout early develop-
ment these two genes have nearly identical expression domains. At
34 hpf, in rx1 morphants (n=21) and control treated embryos (n=16),
rx2 expression in the developing retina appeared nearly identical (Figs.
4I, J). We also examined rx2 expression at 72 hpf, when expression of
rx1 and rx2 is restricted to the developing onl, scattered cells in the inl,
and the retinal progenitor population at the periphery (Fig. 4K; n=7). In
rx1 morphant retinas, the expression domain of rx2 was broader, but
superﬁcially resembled that of the control retina, with rx2+ cells at the
retinal periphery, and in a region of the outer retina lacking laminar
deﬁnition (Fig. 4L; n=8). These data suggest that rx1 does not regulate
expression of rx2, and that any effects of rx1-MO treatment are the
results of the selective loss of rx1 activity.
Rx1 depletion alters the time-course of retinal proliferation
We next tested whether rx1-MO or rx2-MO treatment affected
retinal cell proliferation during retinal neurogenesis, using antibodies
directed against phosphorylated histone-3, a marker for M-phase
(Wei et al., 1999). In control retinas examined early in retinal
neurogenesis (25 and 34 hpf), mitotic cells were abundant, and nearly
exclusively localized to the outer retina (Fig. 5A, C; n=36, n=32). In
rx1-depleted retinas, there were signiﬁcantly fewer mitotic cells
(Figs. 5B, D, I; n=33, n=35; pb0.0001). We also observed several
instances of disorganized clusters of dividing cells in rx1 morphantFig. 5. Rx1 morphants but not rx2 morphants exhibit signiﬁcant changes in retinal progenit
M-phase, from embryos ﬁxed at 25 hpf (A, B), 34 hpf (C, D), 53 hpf (E, F), and 72 hpf (G, H
markedly reduced in the rx1 morphants at the early times, but increased at the later times;
morphants. I. Average numbers of PH3-positive cells as a function of treatment and time o
evaluated (⁎⁎⁎pb0.001) but rx2 depletion caused no changes. Scale bar=50 μm; error barsretinas (arrow in Fig. 5D). These ﬁndings are consistent with a role for
rx1 in maintaining a proliferative, stem cell identity. These results may
also explain the small size of embryonic eyes in rx1morphants (Fig. 1).
In contrast, rx2 morphants (n=11, n=13) showed no signiﬁcant
difference (p=0.806684, p=0.809966) in retinal cell proliferation at
either 25 or 34 hpf (Fig. 5I and data not shown) compared to controls
(n=14, n=17). These results suggest that, unlike rx1, rx2 does not play
a major role in retinal cell proliferation during early retinogenesis.
We next examined cell proliferation in retinal tissues ﬁxed at
53 hpf and 72 hpf, corresponding to late retinal neurogenesis, and the
completion of embryonic retinal neurogenesis, respectively (Hu and
Easter, 1999; Raymond et al., 1995). At both 53 hpf (n=16 retinas
control and treated) and 72 hpf (n=15 retinas control and treated) rx1
morphant retinas had signiﬁcantly higher numbers of mitotic cells
when compared to control retinas (Figs. 5E–H, I; pb0.0001 in each
case). These results show that rx1 depletion has dynamic effects on
the proliferation of retinal progenitor cells.
Rx1 depletion is lethal to retinal progenitors
The role of rx1 expression for survival of retinal progenitors was
evaluated through the use of two cell death assays. Whole embryos
were examined at 25 and 34 hpf using acridine orange incorporation,
and sectioned embryonic eyes ﬁxed at 53 and 72 hpf were examined
using the TUNEL assay. At 25 hpf, the average number of dying cells in
rx1 morphant eyes was not statistically signiﬁcant compared toor proliferation. (A–H) Retinal cryosections stained with anti-PH3, a marker for cells in
), injected with control MOs (A, C, E, G) or rx1-depleting MOs (B, D, F, H). Staining is
arrow in D indicates disorganized mitotic cells that were occasionally observed in the
f assessment. Signiﬁcant differences were evident following rx1 depletion for all times
indicate±1 SD.
31S.M. Nelson et al. / Developmental Biology 328 (2009) 24–39control treated embryos (Figs. 6A, B, E; n=15, 13, control and treated,
respectively, p=0.371865). In contrast, at 34 hpf, the average number
of dying cells in rx1 morphant eyes was signiﬁcantly higher than the
number of dying cells in control eyes (Figs. 6C–E; n=13, 12, control
and treated, respectively; pb0.0001). Cell death was eye-speciﬁc,
suggesting that cell death was associated with the lack of rx1
expression in retinal progenitors and not a general toxic effect of the
MOs. The average number of dying cells in the eyes of rx2 morphants
was not statistically signiﬁcant at 25 hpf (n=16, n=20, control andFig. 6. Rx1 and rx2morphants exhibit signiﬁcant increases in retinal cell death. (A–D) Graysc
orange showing very little cell death at 25 hpf (A, B) but a dramatic increase in cell death (
orange-positive cells in the eye of a morphant. E. Average numbers of acridine orange-positi
evident following rx1 and rx2 depletion when assessed at 34 hpf (rx1,⁎⁎⁎pb0.001; rx2,⁎⁎
morphant (G, I) embryos processed for the TUNEL cell death assay at 53 hpf (F, G) and 72 h
indicate TUNEL-positive cells. (J) Average numbers of TUNEL-positive cells as a function of
depletionwhen assessed at 53 hpf and 72 hpf (⁎⁎⁎pb0.001). le = lens; gcl = ganglion cell laye
(applies to F–I)=50 μm; error bars indicate ±1 SD.treated, p=0.281712) but was at 34 hpf (n=14, n=11, control and
treated, p=0.009850), albeit at a lower signiﬁcance than for rx1
morphants at this time. These ﬁndings suggest that rx2may not be as
important for the survival of retinal progenitors and may explain why
there are more severe histological abnormalities and smaller eyes in
rx1 morphants than in rx2 morphants (Fig. 6E, and data not shown).
The retinas of older rx1morphants also displayed higher levels of cell
death as compared to controls (Figs. 6F–J; 53 hpf n=16, 14 retinas,
control and treated, respectively; 72 hpf n=10, 12 retinas, control andale images of live control (A, C) and rx1morphant (B, D) embryos stained with acridine
C vs. D) at 34 hpf in morphants as compared to controls; arrow in D indicates acridine
ve cells as a function of treatment and time of assessment. Signiﬁcant differences were
pb0.01) but not at 25 hpf. (F–I) Grayscale images of sectioned control (F, H) and rx1
pf (H, I), showing increased cell death in rx1-depleted retinas; arrowheads in G and I
treatment and time of assessment. Signiﬁcant differences were evident following rx1
r; inl = inner nuclear layer; onl = outer nuclear layer; scale bar in A (applies to A–D) and I
32 S.M. Nelson et al. / Developmental Biology 328 (2009) 24–39treated, respectively; pb0.0001 in both cases). Cell death did not
appear to be regionally restricted, although TUNEL+ cells were
curiously absent from outer retina, where mitotic nuclei reside (see
Fig. 5). Cell death in the rx1 morphant retinas is therefore inversely
associated with the M-phase of the cell cycle. In addition, several cells
in the lens epithelia of rx1morphants were also apoptotic at each time
point that we analyzed (see arrows in Figs. 6G, I; these labeled cells
were not included in the counts or statistical analysis). Our ﬁndings
are consistent with a requirement for rx1 expression in retinal
progenitors throughout retinal neurogenesis.
Because we observed a dramatic increase in cell death in the eyes
of rx1 morphants we wanted to be sure that the MOs were not
generally toxic to developing embryos. The concentrations ofMOs that
we used for these experiments (Supplemental Table 1) have been used
previously (Rojas-Munoz et al., 2005). Nevertheless we tested three
independent clutches for MO toxicity at 3 days post-fertilization (dpf).
We found that the MO treatment (n=130) did not increase embryo
mortality compared to 5-mispair-injected (n=118) and uninjected
controls (n=75). There was no signiﬁcant difference in embryo
mortality following MO treatment when compared to either 5-
mispair injected controls and uninjected controls (p=0.2362; Wil-
coxon Rank Sum test with a Bonferroni post-hoc comparison). In
addition, morphant embryos allowed to develop to 5.5 dpf displayed
normal retinal lamination and distribution of differentiated retinal cell
types, although eyes remained quite small (data not shown; n=6–10
for each marker and condition), indicating that retinal development
can “recover” once the MOs are inactive (see below). This recovery
may be related to the increase in proliferation of retinal progenitors
observed at 53 and 72 hpf. This “rebound” phenomenon has been
reported previously (Van Raay et al., 2005). Morpholino treatments
did not cause appreciable cell death in structures outside of the eye,
and doses lower than 10 μM (GT-ATG) did not result in the observed
microphthalmic phenotype of the rx1 morphants shown above.Rx1 morpholino perdurance is limited, but can be effectively
administered at late developmental times
Effectiveness and perdurance of rx1-MOs and rx2-MOs were
evaluated by qualitative detection of aberrant splicing of the mRNA
target following use of the GT-MOs (splice site-blocking MOs;
Supplemental Table 1), as in Rojas-Muñoz et al. (2005) (Morcos,
2007). RT-PCR with intron-ﬂanking primers ampliﬁed products of 276
or 313 bp (indicating the presence of spliced rx1 and rx2 transcripts,
respectively) from untreated embryos, or from embryos injected at
the 1–2-cell stage with 5-mispair control MOs (Fig. 7). Based upon
sequence alignment we predicted unspliced variants to be approxi-
mately 4.8 kb for rx1 and 3.7 kb for rx2. In embryos injected with GT-Fig. 7. Efﬁcacy and perdurance of rx1 and rx2 splice site-targeting MOs in embryos treated at
indicates aberrant splicing. Lanes 1 and 2, embryos injected with rx1 or rx2-targeted MOs at 0
MO at 0 hpf and extracted at 53 hpf; lanes 5 and 6, embryos injected with rx1 or rx2-targeted
targeted MOs at 44.5 hpf and extracted at 53 hpf; lanes 9–12, embryos injectedwith rx1- or rx
60 hpf.MOs at the 1–2-cell stage, amplicons of these predicted sizes were
detected at both 30 hpf and 53 hpf (Fig. 7). However, some normally-
spiced transcript was present at 30 hpf, and appeared to increase
relative to the aberrantly-spliced transcript at 53 hpf, suggesting
incomplete functional knockdown of the target genes at these times,
particularly at 53 hpf. In addition, only the normally-spliced
transcripts were present at 60 hpf and 72 hpf (Fig. 7 and data not
shown), indicating that target gene knockdown was transient. There-
fore, the morphant phenotypes described so far are the consequence
of depleted rx1 or rx2 predominantly during eye morphogenesis and
early retinal neurogenesis.
Becausewewere interested in understanding any roles for rx genes
speciﬁcally for photoreceptor development, we performed MO injec-
tions at an alternative time: 44.5 hpf. We have previously shown that
use of MO-based knockdown strategies can be effectivewhen theMOs
are delivered at late developmental times (e.g. 50 hpf for shh-MOs;
Stenkampand Frey, 2003), and thatMOs gain access to developing cells
(Stenkamp and Frey, 2003). In the present study, rx gene expression
was also inﬂuenced by late MO treatment, as aberrantly-spliced
transcripts of 4.8 kb (rx1) and 3.7 kb (rx2) were consistently ampliﬁed
from embryos injected with rx1-MOs or rx2-MOs at 44.5 hpf (Fig. 7)
and evaluated at 53 hpf. Indeed, the ratios of unspliced to spliced
transcript at this time appeared higher following late MO injection
than following injection at the 1–2-cell stage (Fig. 7, compare lanes 5
and 7), and unspliced transcript occasionally persisted until 60 hpf
(data not shown). However, normal rx gene splicing was again evident
by 72 hpf (data not shown), suggesting that the late MO treatments
cause highly transient effects. We performed some experiments using
delivery of MOs suspended in lipofectamine, to the headmesenchyme
behind the eye (Stenkamp et al., 2000), and found similar results in
terms ofMOeffectiveness and perdurance, aswell as phenotype. These
data demonstrate that injection of rxMOs at late developmental times
selectively reduces expression of rx genes over the period of
photoreceptor neurogenesis and early differentiation.Temporally-selective depletion of rx1 vs. rx2 causes speciﬁc effects on
photoreceptor development
We made use of this late MO injection strategy for our remaining
experiments, in order to probe the function of rx gene expression
speciﬁcally during the time of photoreceptor neurogenesis and
differentiation. 5-mispair control and either rx1 or rx2 directed MO-
treated embryos were allowed to survive ∼27 h post-injection (until
72 hpf) and were then ﬁxed and processed as whole mounts for in situ
hybridization. In these ‘late rx1 morphant’ embryos, rod and cone
opsins and transducins showed a reduction in expression compared to
those treated with the control MO (Fig. 8; n=10–15 for each probe andthe 1–2-cell stage (“0 hpf”) and at 44.5 hpf. The presence of large amplicons (upper row)
hpf and extracted at 30 hpf; lanes 3 and 4, embryos injected with the 5-mispair control
MOs at 0 hpf and extracted at 53 hpf; lanes 7 and 8, embryos injected with rx-1 or rx2-
2-targetedMOs at 0 hpf (lanes 9 and 10) or at 44.5 hpf (lanes 11 and 12) and extracted at
Fig. 8. Temporally-selective rx1 depletion results in a reduction in the expression of rod and cone opsins and rod and cone transducins. Embryos were injected with the 5-mispair
control MO (A, C, E, G, I, K) or an rx1-targeting MO cocktail (B, D, F, H, J, L) and were processed as whole mounts for in situ hybridizationwith cRNA probes corresponding to red cone
opsin (A, B), rod opsin (C, D), blue cone opsin (E, F), rod transducin alpha subunit (gnat1; G, H), UV cone opsin (I, J), or cone transducin alpha subunit (gnat2; K, L). Scale bar=50 μm.
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and red opsin as well as a reduction in gnat1 and gnat2 expression
(Figs. 9A–D, G, H, K, L; n=7–15 for each probe and condition).
However, there was little or no reduction in UV and blue opsin
expression in late rx2 morphants (Figs. 9E, F, I, J; n=17–30 for each
probe and condition) suggesting a selective role for rx1 in the
regulation of short wave length cone opsins. In order to determine ifFig. 9. Temporally-selective rx2 depletion results in a selective reduction in the expression o
5-mispair control MO (A, C, E, G, I, K) or an rx2-targeting MO cocktail (B, D, F, H, J, L) and were p
cone opsin (A, B), rod opsin (C, D), blue cone opsin (E, F), rod transducin alpha subunit (gnat1;each treatment (either rx1 or rx2MOs) caused a statistically signiﬁcant
(pb0.05) reduction in opsin or transducin expression compared to the
control treatment we scored individual, hybridized eyes using the
opsin expression stages of Raymond et al. (1995; see also Prabhudesai
et al., 2005; Fig. 10). We then performed a Wilcoxon Rank sum test to
determine if we could reject the null hypothesis that the late
treatment of rx1 or rx2 directed MOs does not cause a reduction inf rod and red cone opsins and rod and cone transducins. Embryos were injected with the
rocessed as whole mounts for in situ hybridizationwith cRNA probes corresponding to red
G, H), UV cone opsin (I, J), or cone transducin alpha subunit (gnat2; K, L). Scale bar=50 μm.
Fig. 10. Histograms representing the size of the expression domains of photoreceptor-speciﬁc genes following temporally-selective rx1 or rx2-depletion conﬁrm selective effects of
the retinal homeobox genes. Gene expression stages (=photoreceptor recruitment stages) correspond to those of Raymond et al. (1995). Top row: eyes from embryos injected with 5-
mispair control MOs. Second row: eyes from rx1-depleted embryos; embryos were from the same clutches as those in the top row. Third row: eyes from embryos injected with 5-
mispair control MOs. Bottom row: eyes from rx2-depleted embryos; embryos were from the same clutches as those in the third row. Panels arranged in columns represent results
fromwhole mount in situ hybridization for the following riboprobes from left to right: rod opsin, red cone opsin, blue cone opsin, UV cone opsin, gnat1 (rod transducin alpha subunit),
and gnat2 (cone transducin alpha subunit). The numbers of eyes analyzed per each treatment are provided in parentheses.
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opsins and transducins in the late rx1 morphants were signiﬁcantly
different from that of the control treated group (red, blue, UV, rod, and
gnat1 pb0.0001; gnat2 pb0.00173). In the late rx2 morphants, the
difference in expression of red and rod opsin and gnat1 and gnat2
were statistically signiﬁcant (pb0.001). However, for blue and UV
opsinwe failed to reject the null hypothesis (blue opsin p=0.6772; UV
opsin p=0.761). We applied a Kruskal–Wallis ANOVA with a
Bonferroni multiple comparison to determine which treatment, rx1
or rx2 directed morpholinos, caused a greater reduction in opsin or
transducin expression in late morphant embryos. Our results
indicated that late rx1 morphants showed a greater reduction in
blue and UV opsin expression that was statistically signiﬁcant. All of
the other comparisons yielded no signiﬁcant difference.
Dual knockdown of rx1 and rx2 more robustly attenuates rod and cone
development but does not inhibit expression of NeuroD or crx
Using MOs directed at either rx1 and rx2 transcripts, or both, we
performed late (44.5 hpf) injections and then examined retinal
histology. In each case, DAPI staining revealed the presence of an onl
containing presumptive photoreceptors, and the retina in general
appeared histologically normal (Figs. 11A, B, and data not shown). We
next evaluated rod and cone photoreceptor differentiation using zpr3
and zpr1 antibodies on sectioned material. With all experimental
treatments we observed a reduction in both zpr3 and zpr1 staining
(Figs. 11C–F). We quantiﬁed these results using the scoring method of
Stenkamp et al. (2002), in which sections bisecting the lens are
scored for the absence or presence of few (b10) or many (N10)labeled photoreceptors (see Materials and methods). The greatest
frequency of reduction in rod and cone differentiation was observed
following dual knockdown of rx1 and rx2 (14 of 21, Fig. 11M), as
compared with depletion of rx1 only (8 of 17, Fig. 11K) and rx2 only
(13 of 34, Fig. 11L) over the time of photoreceptor development. To
determine whether late rx gene knockdown affected the differentia-
tion of other cell types, we labeled control and treated retinas with
markers speciﬁc for retinal ganglion cells (anti-zn8; n=8ea), ganglion
cells and amacrine cells (anti-HU C/D; n=5ea), rod bipolar cells (anti-
PKC n=10ea), and Müller glia (anti-glutamine synthetase; n=12ea).
We did not observe any variation in staining following late rx1/rx2
MO treatment with any of the cell speciﬁc markers indicated (data
not shown).
The zebraﬁsh rx1 and rx2 genes are expressed in developing rod
and cone photoreceptors (Chuang et al., 1999; Nelson et al., 2008) and
cells of the embryonic rod photoreceptor lineage (Nelson et al., 2008).
Each of these cell populations also expresses the photoreceptor
transcription factors crx and NeuroD (Hitchcock et al., 2004;
Ochocinska and Hitchcock, 2007; Shen and Raymond, 2004), and
cooperative activity of Rx and Crx has been demonstrated to regulate
photoreceptor-speciﬁc genes in cell-free systems (Furukawa et al.,
1997; Wang et al., 2004). We examined crx or NeuroD expression in
late rx morphant embryos using in situ hybridization on sectioned
retinas. In material obtained from six treated retinas that showed a
reduction in both zpr3 and zpr1 staining, we observed no disruption
of either crx or NeuroD expression in late morphants as compared to
controls (Figs. 11G–J). This ﬁnding suggests that Rx activity does not
regulate expression of either crx or NeuroD during photoreceptor
development.
Fig. 11. Embryos subjected to temporally-selective (at 44.5 hpf) depletion of rx1 and rx2 show a signiﬁcant reduction in photoreceptor differentiation. (A–B) DAPI-stained retinal
cryosections obtained from control (A) and rx1/rx2-depleted (B) embryos ﬁxed at 72 hpf; onl appears normal in both cases (arrow in B). (C–F) Retinal cryosections obtained from
control (C, E) and rx1/rx2-depleted (D, F) embryos ﬁxed at 72 hpf and hybridized with cRNA probes corresponding to NeuroD (C, D) and crx (E, F), showing no effect of retinal
homeobox depletion on expression of these transcription factors. (G–J) Retinal cryosections obtained from control (G, I) and rx1/rx2-depleted (H,J) embryos ﬁxed at 72 hpf and stained
with the zpr1 (cones; G, H) and zpr3 (rods; I, J) antibodies, showing elimination of markers of photoreceptor terminal differentiation as a consequence of temporally-selective retinal
homeobox knockdown. (K–M) Sections bisecting the lens were scored for the absence (‘none’) or presence of fewer than ten (‘few’) or more than ten (‘many’) zpr-1 or zpr3-stained
photoreceptors. Relative numbers of sections displaying the indicate score are shown following temporally-selective depletion of rx1 (K), rx2 (L), and rx1 and rx2 (M). Knockdown of
both rx1 and rx2 is more effective at reducing photoreceptor differentiation. le = lens, gcl = ganglion cell layer, inl = inner nuclear layer, onl = outer nuclear layer, scale bar in A=50 μm.
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progenitors
The rod photoreceptors of teleost ﬁsh are generated from a
population of slowly dividing progenitor cells sequestered in the inl,
which migrate to the onl for a ﬁnal round of cell division prior to
differentiating as rod photoreceptors (Johns, 1982; Julian et al., 1998;
Otteson et al., 2001). We have recently described the sequence of gene
expression within the rod lineage of embryonic zebraﬁsh, and
observed rx1 expression within this lineage (Nelson et al., 2008). In
order to determine if rx1 and/or rx2 play roles in the proliferation of
rod progenitors we treated embryos with rx1 and rx2MOs at 44.5 hpf,
followed by BrdU incorporation at 60 hpf (using the ‘cumulativelabeling scheme’ of Nelson et al., 2008; see Materials andmethods). In
control and rx1/rx2-MO-treated retinas, BrdU-positive cells were
observed within the retinal margin, and in scattered cells in the inl
and onl (Fig. 12), consistent with our previous report (Nelson et al.,
2008). We counted the numbers of BrdU-positive cells within the inl
and onl, excluding the region within six cell diameters of the retinal
margin, as this region of the onl contains cone progenitors as well as
rod progenitors (Nelson et al., 2008; see also Ochocinska and
Hitchcock, 2007; see dotted lines in Figs. 12A, B). The numbers of
BrdU-positive cells in the inl or the onl of rx1/rx2 morphants (n=11)
were not signiﬁcantly different (one-way ANOVA) from those of
control embryos (n=13; Figs. 12A–C). These results suggest that
neither rx1 nor rx2 regulate the proliferation of rod progenitors.
Fig. 12. Cell proliferation related to the rod lineage is unaltered following temporally-
selective depletion of rx1 and rx2. (A–B) Control (A) and rx-depleted (at 44.5 hpf; B)
embryos were treated with BrdU at 60 hpf, and ﬁxed at 72 hpf for BrdU indirect
immunoﬂuorescence; patterns of BrdU incorporation are similar; BrdU-positive cells
residing between the dotted lines were used for the analysis shown in C. (C) Boxplot
showing numbers of BrdU-positive cells as a function of treatment and laminar position.
There are no signiﬁcant differences between treated and control numbers. The boxes
indicate the 25th and 75th percentiles, the lines indicate the median values, and the
whiskers indicate the upper and lower limits. le = lens, gcl = ganglion cell layer, inl =
inner nuclear layer, onl = outer nuclear layer, cm = ciliary margin, scale bar in A=50 μm.
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progenitors and/or precursors into mature photoreceptors.
Discussion
The principal ﬁndings of this study can be summarized as follows.
1) Rx2 selectively regulates expression of pax6 within the optic
primordia. 2) Expression of the rx1 gene, but not that of rx2, is needed
for the regulation of retinal progenitor cell proliferation. 3) During
retinal neurogenesis, rx1 regulates the retinal expression of other
transcription factors required for neurogenesis, pax6 and ath5. 4)
Expression of the rx1 and rx2 genes is needed to promote the
differentiation of rod and cone photoreceptors. 5) The rx1 and rx2
genes do not regulate expression of other transcription factors
required for photoreceptor differentiation, crx and NeuroD. 6) The
gene products of rx1 and rx2 each have distinct, but dynamic and
pleiotropic in vivo functions. 7) Antisense morpholino oligonucleo-
tides can be used to achieve temporally-selective knockdown of
expression of target genes.
Rx2 functions upstream of pax6 during eye morphogenesis, but rx1 is
required during retinal neurogenesis
The present work signiﬁcantly expands on previous ﬁndings
suggesting that rx gene expression establishes the early eye ﬁeld(Chuang and Raymond, 2001). Overexpression of rx2, and to a lesser
extent rx1, causes an expansion of retinal tissue at the cost of forebrain
tissue. Given the profound consequences of overexpression, the
general phenotype of the rx1 or rx2 morphant was surprisingly mild
(Rojas-Munoz et al., 2005; Fig. 1). The reduced expression of rx1
results in small eyes and lamination defects, while reduced expression
of rx2 resulted in slightly smaller eyes but no histological errors
(Rojas-Munoz et al., 2005). In the present study we have further
characterized these phenotypes and established their mechanistic
bases. In the rx1-depleted embryos, not only is lamination disrupted,
but the differentiation of multiple retinal cell types is impeded or
delayed, consistent with a role for rx1 in retinal neurogenesis. In rx2-
depleted embryos, pax6 expression is impaired during the formation
of optic primordia.
The rx2 gene product regulates pax6 expression in the eye anlage
and in the most anterior region of the midline pax6 expression
domain, placing rx2 upstream of pax6 during eye morphogenesis. This
is consistent with the observation that overexpression of rx2 leads to a
higher incidence of ectopic retinal tissue than the corresponding rx1
gain-of-function (Chuang and Raymond, 2001). In mammals, Rx also
functions upstream of Pax6, in that the upregulation of Pax6 (though
not its initiation) requires Rx activity (Zhang et al., 2000). It is
interesting that later aspects of eye development proceeded relatively
normally in the rx2-depleted embryos. The rx2 morphants displayed
normal patterns of expression of pax6 during retinal neurogenesis,
and only mild defects in lamination (Rojas-Munoz et al., 2005). It is
possible that, in these morphants, the activity of rx1, or of one or more
alternative eye ﬁeld transcription factors, is able to compensate for the
reduction in expression of both rx2 and pax6 in the optic primordia.
Dual knockdown experiments (rx1-MO+rx2-MO) suggest that the
latter is likely the case, as the eye phenotype of rx1 and rx2-depleted
embryos matches that of rx1-depleted embryos (Rojas-Munoz et al.,
2005, and data not shown). Therefore, in the zebraﬁsh, while rx1, rx2,
and pax6 are all sufﬁcient to promote tissue fates related to eye
morphogenesis, they are apparently not required. Only rx3 has been
demonstrated to have this function (Loosli et al., 2003).
The role for rx1 in retinal neurogenesis appears to be several-fold:
rx1 regulates the proliferation of retinal progenitor cells, promotes
their survival, and regulates the expression of other transcription
factors that are required for neurogenesis. Rx1 morphants displayed
drastically reduced proliferation of progenitor cells during early
retinal neurogenesis, and this effect preceded a massive wave of
retinal cell death. The rx1 morphants also failed to express pax6
speciﬁcally within the retina, and did not initiate expression of ath5 at
the normal time of onset of retinal neurogenesis (Masai et al., 2000).
Collectively these data suggest that rx1 may be needed to maintain
retinal progenitor cell identity, in part through the regulation of pax6.
Furthermore, if this identity is not maintained, retinal progenitors
may withdraw from the cell cycle prematurely and engage a cell death
program.
Functions for rx genes in regulating the cell cycle and consequently
the numbers of retinal progenitors are inferred from gain-of-function
studies in Xenopus (Casarosa et al., 2003). In addition, the use of a
dominant-negative rx1 in the same animal model results in reduced
proliferation within the optic cup, and reduced size of the optic cup
itself (Zaghloul and Moody, 2007). Our results demonstrate that rx1
continues to be required for retinal progenitor proliferation during
early retinal neurogenesis. Interestingly, in the rx1-depleted zebraﬁsh
retinas, reduced proliferative activity was followed by apoptosis. To
our knowledge, this is the ﬁrst report of a role for rx genes in
promoting the survival of retinal progenitors.
A cooperative relationship between rx genes and pax6 is important
for the establishment of the optic primordia in zebraﬁsh (Chuang and
Raymond, 2001; and the present study). However, a temporally-
selective approach to manipulation of rx1 gene expression in Xenopus
was unable to conﬁrm that regulatory interactions between pax6 and
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is possible that rx1 must be continuously depleted over develop-
mental time in order to inﬂuence pax6 expression in retinal progenitor
cells. Alternatively, a co-regulatory relationship between pax6 and rx
genes may exist in both Xenopus and zebraﬁsh, but the Xenopus and
zebraﬁsh rx genes may show differential functional divergence. Our
results indicate that, in zebraﬁsh, a regulatory relationship between
rx1 and pax6 persists in retinal progenitors during early retinal
neurogenesis. In addition, our data show that normal expression of
rx1 is important for ath5 expression and the onset of retinal
neurogenesis.
Rx1 is required for rod and cone photoreceptor differentiation
We observed a signiﬁcant decrease in the expression of opsin and
transducin genes following temporally-selective knockdown of rx1 or
rx2 during photoreceptor development. This effect is consistent with
in vitro studies demonstrating that Rx binding sites are present on
the promoter of several opsin genes in Xenopus and zebraﬁsh (Batni et
al., 1996; Kennedy et al., 2007; Kennedy et al., 2001; Mani et al., 2001;
Moritz et al., 2002) and suggests a role for these factors in the
transactivation of opsin promoters in vivo. The zebraﬁsh genome
contains three rx genes with dynamic and overlapping but distinctive
spatiotemporal expression patterns within the developing eye
(Chuang et al., 1999). Rx1 and rx2 in particular are expressed in
embryonic cone photoreceptors (Chuang et al., 1999; Nelson et al.,
2008), embryonic rod photoreceptors, and cells of the rod photo-
receptor lineage (Nelson et al., 2008). In contrast, mammalian
genomes contain only one Rx gene (Mathers et al., 1997), and this
gene does not appear to be expressed within photoreceptors.
However, Rx-like genes have been identiﬁed in several vertebrates
including human (QRX; Wang et al., 2004), chick (cRaxL; Ohuchi et al.,
1999), and Xenopus (Pan et al., 2006). These Rx-like transcription
factors are able to function as strong transcriptional activators of
photoreceptor speciﬁc genes and appear to play a functional role in
photoreceptor differentiation (Chen and Cepko, 2002; Pan et al.,
2006). A BLAST search of the zebraﬁsh genome against the Xenopus
Rx-L amino acid sequence did not yield any hits, suggesting that rx1,
rx2, and rx3 are the only retinal homeobox-related genes in the
zebraﬁsh. Results of the present study indicate that the rx1 and rx2
genes of the zebraﬁsh may serve functions homologous to the rx-like
genes in other vertebrates. The genome of the mouse also lacks an Rx-
like gene; in mice, the single Rx gene appears to assume the functions
of all of the Rx and Rx-like genes in other vertebrates (Wang et al.,
2004).
We recently demonstrated that rx1 is expressed within the
proliferative lineage of cells that gives rise to rod photoreceptors
within the embryonic zebraﬁsh retina (Nelson et al., 2008). However,
rx1 does not appear to be involved in proliferation of rod progenitors,
in that temporally-selective rx1 depletion does not affect BrdU
incorporation into cells of the lineage. We note that the stem cells
residing at the apex of the rod lineage are distinct from other retinal
progenitors in that they express pax6 but not rx1, and that committed
rod progenitors sporadically express rx1 but not pax6 (Nelson et al.,
2008), suggesting that any cooperative, regulatory relationship
between these two transcription factors is not maintained within
progenitors that are not pluripotent. An alternative mechanism –
unrelated to rx genes or pax6 – may therefore be responsible for
regulating proliferation of rod progenitors.
The phenotype of morphants following temporally-selective
depletion of rx1 and rx2 during photoreceptor development strongly
resembles that of embryos lacking the sonic hedgehog gene (syu−/−;
Stenkamp et al., 2002). The syu−/− mutants display profoundly
reduced photoreceptor differentiation, including reduced expression
of multiple opsin genes and both transducin genes (Stenkamp et al.,
2002; C. Stevens, K. Russo, D. Stenkamp, unpublished observations),but nevertheless show a well-deﬁned onl that expresses crx and
NeuroD (Stenkamp et al., 2002). Interestingly, the syu−/− retinas fail to
express the rx1 gene within the onl, although they do express crx,
NeuroD, and rx2 (Stenkamp et al., 2002). Together with the results of
the present study, these data are consistent with rx1 expression
mediating the photoreceptor differentiation-promoting effects of shh
signaling.
Subfunctionalization of rx1 and rx2
A genome-wide gene duplication took place during the evolution
of teleost ﬁsh, and many of the duplicated genes persisted as the
duplicates assumed divergent functions (Mathers et al., 1997;
Postlethwait et al., 2004; Semon and Wolfe, 2007). The expression
patterns of zebraﬁsh rx1 and rx2 are virtually identical (Chuang et al.,
1999), but our loss-of-function studies have revealed distinct func-
tions during early and late retinal development. Rx1 is needed for
maintenance of retinal progenitor proliferation and the onset of
retinal neurogenesis, regulates expression of pax6 during this time,
and promotes retinal cell survival. In contrast, the loss of rx2 has a
signiﬁcant inﬂuence on expression of pax6 during early eye morpho-
genesis and has a modest effect on cell survival that together do not
generate a remarkable retinal phenotype. The present ﬁndings are not
the consequence of low efﬁcacy or perdurance of the rx2 MO; if
anything, the rx2MO appears to have greater perdurance than the rx1
MO. These results, together with those of Chuang and Raymond
(2001), suggest that rx2 has the greater capacity to promote eye-
speciﬁc fates, perhaps through early regulation of pax6, while rx1 is
more important in maintaining the identity and proliferative activity
of retinal progenitors later in development. Rx1 does not appear to
regulate expression of rx2, consistent with independent roles for
these retinal homeobox genes.
The functions of rx1 and rx2 expressed in photoreceptor cells are
also distinct. Temporally-selective depletion of rx1 resulted in reduced
expression of multiple opsin genes and both transducin genes, while
knockdown of rx2 selectively affected expression of the longer-
wavelength opsins and the transducins, with no signiﬁcant effect for
expression of blue or UV opsin. The presence of rx1 mRNA in all
photoreceptor types has been demonstrated (Nelson et al., 2008),
while the presence of rx2 mRNA has not, and so it is possible that rx2
is simply not expressed in blue and UV cones. Alternatively, the two rx
genes may have selective target regions with respect to photoreceptor
gene regulation. It is noteworthy that exogenously-applied retinoic
acid also has targeted effects on rod and red opsin (upregulation) vs.
blue and UV opsin (downregulation) (Prabhudesai et al., 2005),
consistent with differential mechanisms for the regulation of opsin
genes.
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